ABSTRACT Membrane-active antibiotics are potential alternatives to the resistance-prone conventional antibiotics. Daptomycin, a cyclic lipopeptide, is the only membrane-active antibiotic approved by the U.S. Food and Drug Administration so far. The drug interacts with the cytoplasmic membranes of Gram-positive pathogens, causing membrane permeabilization to ions and cell death. The antibiotic activity is calcium-ion dependent and correlates with the target membrane's content of phosphatidylglycerol (PG). For such a complex reaction with membranes, it has been difficult to uncover the molecular process that underlies its antibacterial activity. The role of the cofactor, calcium ions, has been confusing. Many have proposed that calcium ions binding to daptomycin is a precondition for membrane interaction. Here, we report our findings on the molecular state of daptomycin before and after its membrane-binding reaction, particularly at therapeutic concentrations in the low micromolar range. We were able to perform small-angle x-ray scattering at sufficiently low daptomycin concentrations to determine that the molecules are monomeric before membrane binding. By careful circular dichroism (CD) analyses of daptomycin with Ca 2þ and PG-containing membranes, we found that there are only two states identifiable by CD, one before and another after membrane binding; all other CD spectra are linear combinations of the two. Before membrane binding, the molecular state of daptomycin as defined by CD is the same with or without calcium ions. We are able to determine the stoichiometric ratios of the membrane-binding reaction. The stoichiometric ratio of daptomycin to calcium is 2:3. The stoichiometric ratio of daptomycin to PG is $1:1 if only the PG lipids in the outer leaflets of membranes are accessible to daptomycin.
INTRODUCTION
Daptomycin, a cyclic lipopeptide ( Fig. 1) , is the first U.S. Food and Drug Administration (FDA)-approved antibiotic of this new structural class (1) . Clinically it is used against multidrug-resistant gram-positive pathogens, including methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus (VRE). Accumulated evidence consistently supports the mode of action discovered 30 years ago (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) , that its main target is the bacteria's cytoplasmic membranes, where daptomycin causes leakage of potassium ions that leads to loss of membrane potential and cell death, although there are other proposed mechanisms (e.g., (14) ). The membrane function is compromised in the absence of cell lysis or leakage of molecules other than atomic ions (6, 8) . Many of the mutations that alter susceptibility to daptomycin have been shown to directly affect the membrane lipid composition (9) (10) (11) (12) (13) . This further supports the role of the membrane as the primary target for the action of daptomycin. However, the molecular interaction underlying the action of daptomycin is poorly understood. Resolving the molecular mechanism is the key for understanding the cause of resistance to daptomycin during therapy (15) (16) (17) . The molecular process of daptomycinmembrane interaction could reveal a so-far-unrecognized membrane-permeabilization mechanism.
It has been well established that the antibacterial activity of daptomycin is calcium-ion dependent (18) and correlates with the target membrane's content of phosphatidylglycerol (PG) (11) . Indeed, daptomycin causes ion leakage from lipid vesicles only when the vesicles contain PG and only in the presence of calcium ions (19) . Under this condition, fluorescence resonance energy transfer (FRET) and perylene excimer experiments detected daptomycin oligomerization (20) (21) (22) . In giant unilamellar vesicles, the action of daptomycin induced visible aggregates of daptomycin and lipids to appear on the surface of membranes, hence called the lipid-extracting effect (23) , although the vesicles appeared to be intact and no leakage of the small dye molecule calcein was detected from the lipid vesicles at therapeutic daptomycin concentrations (23, 24) .
When considering the daptomycin-membrane interactions, it is useful to compare with other membrane-active antibiotics such as the host-defense antimicrobial peptides (AMPs) (25, 26) . AMPs do not require cofactors for their bactericidal activities (27, 28) , and their actions of bacterial membrane permeabilization (29) have been reproduced in model membranes made of either charged or neutral phospholipids (30) (31) (32) . In contrast, daptomycin, whose action specifically requires calcium ions in solution and PG in the membranes, is both target specific and chemically more complicated in its reaction with membranes. AMPs cause membrane permeabilization to molecules such as calcein (25, 26) , whereas daptomycin causes membrane permeabilization to atomic ions only (23, 24) . Many well-known AMPs have simple structures such as amphiphilic a-helices that provide apparent explanations for their membrane-binding affinity (e.g., melittin (33) ). In contrast, daptomycin is a cyclic lipopeptide. Ten of its thirteen amino acids form a ring, and its flexibility has been detected by NMR (34) (35) (36) (37) . There are six ionizable side chains and the only apparent hydrophobic region is the decanoyl aliphatic chain acylated to the N-terminus (Fig. 1) . With the possibility of complexing with Ca 2þ ions or with both Ca 2þ and PG headgroups, many speculative molecular complexes of daptomycin have been suggested (e.g., (38) (39) (40) ).
Clearly, the molecular states of daptomycin before and after membrane binding need to be experimentally characterized to understand its action. This has been a difficult problem, partly because, unlike that of AMPs, the molecular state of daptomycin depends not only on its own concentration but also on that of Ca 2þ ions. For instance, there were reports of daptomycin aggregation in solution (40) that led to speculation that aggregation in solution is a precondition for daptomycin's antibacterial activity (41, 42) . However, to understand the antibacterial activity of daptomycin, the relevant molecular state has to be that of daptomycin at its therapeutic concentrations, i.e., of the order of its minimal inhibitory concentrations, which are in the low micromolar range (4, 18) . The relevant Ca 2þ -ion concentration is $1 mM, close to the concentration in human serum (4) . Many of the past investigations on the molecular state of daptomycin have not been shown to cover the relevant concentrations; for example, NMR (34) (35) (36) (37) 43) and small-angle x-ray scattering (SAXS) (42) investigations were conducted in millimolar concentrations. We will also review past studies by fluorescence (41, 42) , isothermal calorimetry (ITC) (40) , and circular dichroism (CD) (34) .
Here, we report our findings at the relevant concentrations from our SAXS experiments and the CD measurements. We will show that 1) at the relevant concentrations, daptomycin is monomeric, not in aggregates; 2) there are only two molecular configurations of daptomycin, each identified by a unique ultraviolet CD spectrum, one before binding to the membranes and another after being bound to PG-containing membranes; and 3) we are able to determine the stoichiometry of the reaction among daptomycin, Ca 2þ , and PG-containing membranes. These findings define the molecular reaction underlying daptomycin's antibacterial activity.
MATERIALS AND METHODS

Materials
Daptomycin was purchased from Selleckchem (Munich, Germany), with a high-performance liquid chromatography purity of 99.81%. 1,2-dioleoylsn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phospho-(1 0 -rac-glycerol) (DOPG) were purchased from Avanti Polar Lipids (Alabaster, AL). L-tryptophan, L-kynurenine, L-glycerol 3-phosphate (lithium salt), and CaCl 2 (purity >99%) were purchased from SigmaAldrich (St. Louis, MO). All purchased chemicals were used without further purification.
Unilamellar vesicles
Submicron-sized unilamellar liposomal vesicle suspensions with a low polydispersity were prepared according to published procedures (44) . A chosen lipid composition was dissolved in chloroform and dried under a gentle nitrogen flow and, subsequently, under vacuum for several hours to remove residual solvent. A 10 mM Tris buffer (pH 7.4) was added to the lipid dry film. The dispersion was shaken for 10 min and put into an ultrasonic bath for 50 min. The suspension was frozen and thawed between liquid nitrogen and 40 C water six times. To prepare for small unilamellar vesicles (SUVs), the suspension was sonified using a titanium-tip ultrasonicator for 40 min until the solution looked transparent. Titanium debris was then removed by centrifugation for 20 min at 14,000 rpm. The diameter of the vesicles was estimated by dynamic light scattering (Zetasizer Nano S90, Malvern Instruments, Malvern, United Kingdom) to be 40 5 2 nm.
CD spectroscopy
CD spectra were measured in a Jasco (Tokyo, Japan) J-815 spectropolarimeter. For daptomycin at 4 mM, the samples were measured in a 10 mm cuvette. For daptomycin at 40 mM, the samples were measured in a 1 mm cuvette. All samples were in 10 mM Tris buffer at pH 7.4. Lipid mixtures of 7:3 DOPC/DOPG were in the form of SUVs (instead of large vesicles to avoid light scattering) and calcium ions from CaCl 2 . Samples were thoroughly mixed before measurement. Each CD spectrum, from 280 to 200 nm, was measured in a 3 min duration, and each sample was measured twice to make sure that the spectrum did not change with time. We found that some mixtures took up to 20 min to reach equilibrium after mixing, i.e., no significant change of CD in two consecutive measurements.
SAXS
SAXS of daptomycin in 10 mM Tris buffer at pH 7.4 were measured at the BL23A SWAXS Endstation of the National Synchrotron Radiation Research Center in Hsinchu, Taiwan, with an x-ray beam of 15.0 keV (wavelength, l ¼ 0.8267 Å ) and at a sample-to-detector distance of 1830 mm. The small-angle scattering intensities were recorded by a pixel-detector Pilatus-1MF camera (Dectris, Baden-D€ attwil, Switzerland) of area 169 Â 179 mm 2 and pixel resolution of 172 mm, covering the momentum transfer, Q, up to 0.5 Å À1 , which was calibrated with a standard sample of silver behenate (Q ¼ 4p sin q=l, where 2q is the angle of scattering). Each SAXS intensity profile, I(Q), presented was averaged from 10 SAXS scans. The SAXS background of the solutions without daptomycin measured under the identical condition as for the sample was subtracted from the I(Q). The data were normalized by the intensity of the incoming flux (45) . The radius of gyration, R g , was obtained from equating the initial slope of ln½IðQÞ to
RESULTS
To simulate the PG content of bacterial membranes (11), we used lipid bilayers of the DOPC/DOPG mixture at a 7:3 ratio. PC/PG mixtures have been commonly used for studies of daptomycin in model-membrane experiments, and the results are consistent with those from experiments with bacterial membranes (20, 21, 23, 34) . In the membrane-binding experiments, SUVs of the DOPC/DOPG mixture were used to diminish light scattering from vesicles, so as not to interfere with CD measurements. All samples, for both SAXS and CD experiments, were in solutions of 10 mM Tris buffer (pH 7.4) and were measured at room temperature unless specified otherwise.
SAXS of daptomycin in solution in the absence of membranes The SAXS intensity, I(Q), curves were reversible with changes of daptomycin concentration (for example, by dilution). As the daptomycin concentration increased to > 0.5 mM and Ca 2þ concentration increased from 0 to 2 mM, the Q dependence of the SAXS intensity, I(Q), showed more structural features that were made possible by larger aggregates (46) , and concurrently, the average radius of gyration, R g , also increased.
The dashed lines through the intensity curves, I(Q), in Fig. 2 a are the model fittings described under SAXS model fittings in the Supporting Material. The most important result is the fitting of a solid sphere to the I(Q) of 0.5 mM daptomycin with 0 and 1 mM Ca 2þ . The model fitting requires the radius of the sphere to be $10.5 Å (Supporting Material) close to the theoretical value of R g $ 8 Å for a daptomycin monomer calculated by applying the CRYSOL software (47) to the structure of daptomycin obtained from the Protein Data Bank. Fig. 2 b shows a definitive gap between the lowest group of data with R g $ 7-10 Å and the higher data points with R g > $16 Å . The I(Q) profiles for R g $ 7-10 Å are characteristically different from the I(Q) profiles for larger R g (Fig. 2 a) . Thus, daptomycin at 0.5 mM concentration with Ca 2þ concentration up to 1 mM is in the monomeric state. Fig. 2 c shows the monomer-versus-aggregates phase diagram of daptomycin in Ca 2þ concentrations.
There are only two molecular states for daptomycin
Daptomycin has unique CD spectra (at least at concentrations <50 mM). In particular, there is an inversion of the sign of CD only in the presence of both calcium ions and PG lipids, as first pointed out by Jung et al. (34) . We note that the equilibration time for the mixtures of daptomycin, Ca 2þ
, and PG-SUV can be as long as 20 min (see Materials and Methods). Careful measurements showed that indeed there are only two basis CD spectra for daptomycin. Figs. 3 and 4 show the CD spectra of daptomycin at 4 and 40 mM in various solution conditions. In the presence of calcium ions and PG lipids whose molar ratios to daptomycin are much higher than 1.5 and 2, respectively, there is a unique CD spectrum we will call spectrum B (Figs. 3  and 4 ). In any condition in which calcium ions and PG lipids are not both present, there is a unique spectrum we will call spectrum A (Figs. 3 and 4) . If the condition is neither that of spectrum A nor that of spectrum B, the daptomycin CD spectrum is a linear superposition of A and B (Figs. 3   and 4) . The table in Fig. 4 e summarizes the molecular states of daptomycin in solutions of Ca 2þ and PG lipids. Interestingly, in the presence of L-glycerol 3-phosphate (the headgroup of PG) instead of the PG lipid, daptomycin is in the A state (Fig. 4 b) Selected samples have also been measured for possible temperature dependence. We found that the CD spectra of daptomycin are independent of temperature from 25 to 40 C (Fig. S2) .
Stoichiometry of calcium ion and daptomycin binding to PG-containing membranes
The transition of daptomycin CD spectra from A to B was measured at 4 mM (Fig. 4 c) and 40 mM (Fig. 3 b) in the presence of excessive-PG-containing SUVs. These calciumbinding curves (in which the daptomycin and DOPC/ DOPG lipid concentrations were kept at constant values) were highly reproducible, particularly at 40 mM. As expected, in a two-state equilibrium, high concentrations of substrate (unbound daptomycin) shift the equilibrium toward the bound state. It is apparent that daptomycin at 40 mM binds all the calcium ions in the solution up to $60 mM, i.e., up to $90% binding, exactly at the daptomycin/calcium ratio 2:3 (Fig. 3 c) . Light absorption prevented CD measurement at daptomycin concentrations >40 mM, which would have shown the 2:3 stoichiometry up to 100% binding.
Next, we repeated the same calcium titration at three low lipid concentrations of 50, 100 and 200 mM (in 7:3 DOPC/ DOPG) (Fig. 5) . The ratio of total daptomycin to total PG was 40:15, 40:30, and 40:60, respectively. For each lipid concentration, the highest percent of A-to-B conversion is limited by the amount of PG, $18, $35, and $70%, respectively. Thus, the ratio of bound daptomycin to PG is $7:15, $14: 30, and $28: 60, respectively. The maximal fraction of daptomycin bound to membranes is proportional to the amount of available PG.
DISCUSSION
Molecular state of daptomycin in the absence of membranes
Aggregations of daptomycin in solution have been reported by NMR (34) , sedimentation (38) , fluorescence (41), dynamic light scattering (41), cryogenic-transmission electron (42) , and SAXS (42) . These reports have led to speculation that aggregation in solution is a precondition for daptomycin's antibacterial activity (38, 41, 42) . However, with the exception of fluorescence measurements, all of these previous investigations were performed in the millimolar range of daptomycin concentrations. For example, NMR was typically performed at concentrations >1 mM (34-37). The results from three independent NMR investigations (34,36,37) did not agree with each other, and it was suspected that the disagreement was due to aggregations (37) . SAXS and cryogenic-transmission electron microscopy (42) clearly showed daptomycin aggregations at 3 mM and higher concentrations.
The fluorescence spectrum of daptomycin has a peak at $460 nm. The fluorescence method used by Qiu and Kirsch (41) and by Kirkham et al. (42) relied on a plot of the 460 nm fluorescence intensity as a function of daptomycin concentration. At pH values %4, the plot has a discontinuous increase of the slope at $0.12 mM daptomycin, which was identified as the critical aggregation concentration. The discontinuity became unclear or absent at pH values higher >5.5, which was taken as an indication of no aggregation (41) . Although this conclusion of no aggregation at pH $7 is in agreement with the SAXS result reported FIGURE 4 More CD spectra of daptomycin. (a) The blue line represents the CD spectrum for 4 mM daptomycin with 80 mM 7:3 DOPC/DOPG and 100 mM CaCl 2, identical to spectrum B (Fig. 3 a) . The other three lines represent the CD spectra for 4 mM daptomycin in the conditions indicated in the figure, all identical to spectrum A (Fig. 3 a) . (b) CD spectra of 40 mM daptomycin, 800 mM L-glycerol 3-phosphate (the headgroup of PG) at various Ca 2þ concentrations, all identical to spectrum A (Fig. 3 a) . The combination of the PG headgroup and Ca 2þ does not change daptomycin from spectrum A to spectrum B. here, we believe that the interpretation of fluorescence intensity for aggregation requires justification.
In comparison, SAXS has a simple physical basis depending only on the size of the object (46) . Indeed daptomycin aggregates have been previously detected by SAXS in concentrations >3 mM; 3 mM is the lowest daptomycin concentration measured to date (42) . This measurement was performed at Diamond Light Source (DLS) (Harwell, United Kingdom). Our current SAXS experiment was performed at the National Synchrotron Radiation Research Center, whose facility is similar to DLS. To measure SAXS at lower daptomycin concentrations, we used the previous measurement as a reference (see Supporting Material, SAXS comparison). To increase the signal/noise ratios, we used a shorter x-ray wavelength to reduce x-ray absorption by air and substrate, and a shorter sample-to-detector distance to reduce air absorption. We also used a sample holder with a thinner wall to reduce the absorption by the x-ray window. A table is given in the Supporting Material for comparison of the experimental parameters between the DLS measurement and ours.
We reproduced the results of the previous measurement at concentrations >3 mM. At 0.75 mM, daptomycin is monomeric at Ca 2þ concentrations <0.1 mM, but it forms aggregates at higher Ca 2þ concentrations. Clearly, Ca 2þ ions have an aggregation effect. Most importantly, we were able to measure SAXS of daptomycin at 0.5 mM concentration with 1 mM Ca 2þ at pH 7.4 (Fig. 2) . Under this condition, daptomycin is unambiguously monomeric (Fig. 2 , and see Supporting Material, SAXS model fittings). Thus, it is reasonable to extrapolate the result to the micromolar range and conclude that at concentrations within its minimal inhibitory concentration range, at physiological calcium concentrations of $1 mM and pH 7.4, the solution state of daptomycin before membrane binding is monomeric.
Stoichiometry of daptomycin's membrane-binding reaction
A recent attempt to determine the daptomycin binding stoichiometry was made using ITC (39) . ITC is ideal for a twobody binding isotherm, especially for non-charged binding between peptide and membrane, because in this case the reaction heat per peptide is constant (48) . For charged binding, the reaction heat would change with the degree of binding; therefore, the binding isotherm of charged peptide to membrane is model dependent (48) . Daptomycin binding is more complicated; it is a three-body binding involving daptomycin, Ca 2þ , and PG-containing membranes. With a single titration of CaCl 2 into a solution of DOPC/DOPG vesicles (3.55-4.55 mM) and daptomycin (150-510 mM), as performed by Taylor et al. (39) , the heat of reaction has no simple interpretation; therefore, the results are highly model dependent. The authors' model proposed that calcium ions bind to two sequential sites of daptomycin (39) .
In comparison, our results showed that for a system of Ca 2þ /daptomycin/PG-containing bilayers, there are only two basis CD spectra representing two distinct states of daptomycin, one for daptomycin not bound to PG-containing membranes and another for daptomycin bound to PG-containing membranes in the presence of calcium ions. In an earlier CD study (34) , the CD spectrum of daptomycin in solution was shown to change by adding CaCl 2 or by adding PC/PG liposomes ( Fig. 1 B in (34) ). This result led to the speculation that daptomycin sequentially binds two calcium ions (34, 39, 40) . We have re-measured these spectra and found that adding Ca 2þ alone or adding PC/PG vesicles alone does not change the CD spectrum of daptomycin from spectrum A (Fig. 4 a) . A possible reason for these discrepancies could have to do with whether the samples had sufficient time to reach equilibrium (see Materials and Methods). We have measured many different combinations of daptomycin, Ca 2þ , and PG lipid (Figs. 3, 4 , and 5), and found that there is no intermediate molecular state between A and B. In a two-state equilibrium between state A and state B, it is straightforward to obtain the daptomycin/calcium stoichiometry at high ligand concentrations (Fig. 3 c) . The stoichiometric ratio of daptomycin to calcium is 2:3.
Our results also suggest a definitive stoichiometric ratio to PG, because the maximal A-to-B conversion is proportional to the PG content. Fig. 5 shows that when the PG content increased two times and four times (from 15 to 30 mM and then to 60 mM), the maximal A-to-B conversion also increased two times and four times, respectively (from $18 to $35% and then $70%, respectively). The reason that the three low titration curves in Fig. 5 did not reach a clear saturation level is that it takes a long time to exhaust all available PGs 
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distributed among a large number of small vesicles (despite our mix-and-wait procedure; see Materials and Methods for CD). (In contrast, the top titration curve reaches a clear saturation level, because there were excessive PGs.) As a result, the approximate values for the bound daptomycin/total PG ratios of $7:15, $14:30, and $28:60 from the three low titration curves slightly underestimate the possible maximal bound daptomycin. If only one-half of the total PGs, i.e., only those on the outer leaflets of vesicles, are accessible to daptomycin binding, the stoichiometric ratios of bound daptomycin to accessible PG are $7:7.5, $14:15, and $28:30. Considering the possibility that the bound daptomycin is slightly underestimated, the ratios are very close to 1:1.
The CD of daptomycin and the stoichiometry of the daptomycin/Ca 2þ /PG membrane-binding reaction are independent of temperature from 25 C to 40 C. If the spectra or the stoichiometry were sensitive to temperature, the CD spectra of state A/state B mixtures would have changed with temperature, but they do not (Fig. S2 ).
CD spectra of daptomycin
Daptomycin has unique CD spectra. In particular, there is an inversion of the sign of CD only in the presence of both calcium ions and PG lipids, as first pointed out by Jung et al. (34) . Such CD spectra have been identified as exciton couplets of aromatic residues (49-53). The key features of both A and B spectra, from 210 to 240 nm, are that the spectra are wave-like with a sign-changing crossover near the wavelength 225 nm (Fig. 3 a) . Daptomycin has two aromatic amino acids: tryptophan-1 and kynurenine-13 ( Fig. 1) . Each Trp and Kyn has a side-chain chromophore with an absorption peak near 225 nm (Fig. 3 a) . If two chromophores are sufficiently close, their interaction can give rise to an exciton effect (49, 50, 53, 54) . The CD of daptomycin, both state A and state B, suggest an exciton coupling between two chromophores that gives rise to a splitting of the excited state into two components, one of which arises from an inphase combination of the two monomeric excitations and the other from the out-of-phase combination (49, 50, 53) . Hence, the rotational strengths for the two coupled states are opposite in sign, one shifted to the long-wavelength side and another shifted to the short-wavelength side, and they combine to an exciton couplet, i.e., a wave-like spectrum with a sign-changing crossover at the monomer's peak position. An exciton couplet with a positive longwavelength band, like spectrum A, is called a positive couplet. An exciton couplet with a negative long-wavelength band, like spectrum B, is called a negative couplet (53) .
The amplitude of an exciton couplet is determined by the strength of the coupling interaction, and the sign is determined by the chirality of the geometry between the two interacting transition dipoles of chromophores (49, 50, 53) . From the SAXS experiments, we have determined that in the low micromolar range of concentration, daptomycin is monomeric. This implies that the exciton couplet spectrum A is the result of the intramolecular coupling of Trp-1 and Kyn-13.
On the other hand, we have found that the stoichiometric ratio of daptomycin to Ca 2þ is 2:3 in their binding reaction to PG-containing membranes. The minimal number of daptomycin molecules involved in this binding reaction with an integral number of calcium ions is 2. Also, this binding reaction causes a flip of sign from positive couplet A to negative couplet B that requires a change of chirality of the geometry between two interacting chromophores (49, 50, 53) . Thus, this reaction changes daptomycin from monomeric to dimeric (or larger, even-number multimeric) complexes with Ca 2þ and PG. The change from monomers to dimers or multimers can include a change of couplet sign, perhaps a change from intramolecular coupling to intermolecular coupling. The dimeric (or higher multimeric) binding to membrane can also explain the detection of FRET when daptomycin binds to membranes (20) (21) (22) and the observation of daptomycin-lipid aggregates in the aformentioned lipid-extraction effect (23) .
CONCLUSIONS
The complex system of daptomycin with calcium ions and PG-containing membranes has led to many speculations about the molecular state of daptomycin both before and after membrane binding. The role of various spectroscopic experiments (reviewed recently (40) ) is to narrow down or provide constraints for the possible molecular-state transitions consistent with the daptomycin mechanism. The strongest constraints so far are that 1) daptomycin induces membrane permeability to atomic ions (2-13), but not to molecules such as calcein (23, 24) , and 2) there are indications of oligomerization (20, 21) or aggregation (23) of daptomycin after binding to PG-containing membranes. Here, our results provide further constraints as follows. 1) Daptomycin before membrane binding is monomeric in its therapeutic concentrations and the monomeric daptomycin has a unique CD state independent of calcium ion concentrations. 2) Daptomycin and Ca 2þ bind to PG-containing membranes with a stoichiometric daptomycin/calcium ratio of 2:3, and a daptomycin/PG ratio close to 1:1. This 1:1 ratio assumes that only the PGs in the outer leaflets of lipid vesicles are accessible to daptomycin. The daptomycin/PG stoichiometric ratio would be 1:2 if all the PGs in lipid vesicles were accessible to daptomycin. 3) Daptomycin has another unique CD state after its binding to PG-containing membranes with calcium ions, perhaps in oligomers (20) (21) (22) or in aggregates bound with lipids (23) . The molecular processes underlying daptomycin's antibiotic activity must satisfy all of these constraints. 
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